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We revisit the enduring problem of the 2 × 2 × 2 charge density wave (CDW) order in TiSe2, utilising photon
energy-dependent angle-resolved photoemission spectroscopy to probe the full three-dimensional high- and low-
temperature electronic structure. Our measurements demonstrate how a mismatch of dimensionality between
the 3D conduction bands and the quasi-2D valence bands in this system leads to a hybridisation that is strongly
kz-dependent. While such a momentum-selective coupling can provide the energy gain required to form the
CDW, we show how additional “passenger” states remain, which couple only weakly to the CDW and thus
dominate the low-energy physics in the ordered phase of TiSe2.
Charge-density waves (CDWs), typically found in low-
dimensional metallic systems, are a striking example of how
coupling between the electrons and the crystal lattice can lead
to novel ground states. In quasi-1D systems, such as ZrTe3
and organic salts, the CDW phenomenology often closely re-
sembles the famous Peierls instability [1, 2]. Transition metal
dichalcogenides (TMDC) such as NbSe2 have become pro-
totypical examples for how CDWs can also occur in quasi-
2D metals [3–5]. The starting point for understanding the
CDW in the well-known TMDC TiSe2 is, however, an indi-
rect narrow-gap semiconductor. Moreover, the CDW order-
ing pattern and the normal state electronic structure are three-
dimensional [6, 7], placing the CDW in TiSe2 far from the
conventional picture. Some reports assign TiSe2 as a reali-
sation of the long-predicted ‘exciton insulator’ phase, driven
purely by electronic interactions [8–14]. The presence of
substantial lattice distortions in the ordered phase, however,
also points to an important role of electron-phonon coupling,
[5, 15–18], which may act cooperatively with electron-hole
correlations to stabilise the CDW [19–22]. Despite decades
of study, the origin and nature of the CDW-like instability in
TiSe2 thus remains highly controversial.
In this Letter, we revisit the evolution of the electronic
structure of TiSe2 through the CDW transition, paying par-
ticular attention to kz-dependent variations by employing de-
tailed photon-energy dependent ARPES. This allows us to
comprehensively determine the positions of the band extrema
in this system, identifying a low-temperature band gap that
is, surprisingly, smaller than that at high temperatures. We
show that this results from a strongly orbital- and kz-selective
hybridisation of states involved in the 2 × 2 × 2 CDW,
whereby additional “passenger” states which are not strongly
hybridised dominate the low energy electronic structure in the
ordered phase.
Single crystals were grown by the iodine vapour transport
method, and cleaved in-situ (see Supplemental Material, SM
[24]). ARPES measurements were performed at the I05 beam-
line at Diamond Light Source [25]. We label high-symmetry
points of the Brillouin zone according to the notation of the
high temperature phase, using the starred Γ∗ notation when
referring to the 2×2×2 low-temperature unit cell.
The understanding of the CDW instability in TiSe2 rests
upon the details of the normal state electronic dispersions, and
in particular the dimensionality of the relevant bands. Fig. 1(a)
shows an overview of the occupied states, with a pair of Se
4px,y states forming the low-energy valence bands at the Bril-
louin zone center, and a Ti 3d-derived conduction band cen-
tered at each L point [17, 26]. The conduction bands have
an elliptical cross section in the kx − ky plane, evident in a
constant energy map at EF measured using a photon energy
chosen to probe approximately the A-L-H plane (kz ≈ pi/c,
Fig. 1(b)). They are, however, strongly three-dimensional. In
Fig. 1(e,g), the ARPES measurements at L points of the Bril-
louin zone show a clear electron-like conduction band, but
the band disperses significantly along kz such that it is well
above EF at M, in Fig. 1(f). Consistent with the Fermi sur-
face calculated from density functional theory (DFT, using the
generalised gradient approximation [24]), shown in Fig. 1(c),
our photon energy-dependent measurements (Fig. 1(d) [27])
also indicate that this conduction band pocket substantially
tilts away from the kz axis. In contrast, the uppermost va-
lence bands, of Se 4px,y character, are found to be almost 2D;
measurements with photon energies chosen to probe the high-
symmetry Γ and A points (Fig. 1(e-g)) indicate a kz disper-
sion of the upper valence band of <10 meV (Fig. 1(h)). A
third valence band, of Se 4pz character, appears only around
the Γ point and disperses strongly along kz (Fig. 1(d)). This
band does not play an important role in the CDW ordering and
so we do not consider it in detail below.
The normal state band gap of TiSe2 is a critical parame-
ter, particularly in the context of possible excitonic effects,
but previous experimental estimates have varied from a gap
of 150 meV to a band overlap of 70 meV [8, 26, 28–30]. To
settle this, in Fig. 1(h) we compare energy distribution curves
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FIG. 1. (a) Valence band dispersion along A-L at T = 300 K, measured at a photon energy hν = 121 eV, in p-polarisation (p- and s-polarisations
correspond to Linear Horizontal and Linear Vertical polarisations, respectively, and the analyser slit is aligned vertically at the I05 beamline).
(b) Constant energy map at EF (Fermi surface) at T = 250 K (hν = 121 eV, p-polarisation). (c) Fermi surface of TiSe2 as calculated with a
standard DFT code [23]. (d) kz map, processed from photon-energy dependent data at E−EF = -380 meV. The inset shows the conduction
band at E−EF = +20 meV from the same data set. (e-g) Dispersions at T = 300 K acquired in s-polarisation with hν = 44, 95, and 119 eV,
approximately corresponding to L-A-L, M-Γ-M, and L-A-L paths respectively. (h) Comparison of EDCs at high-symmetry points, indicating
an indirect band gap of 74±15 meV. The data in panels (e-h) are divided by the Fermi function to reveal the spectral weight above EF .
(EDCs) of the valence bands measured at Γ and A with the
conduction band minimum at L. From this, we can confidently
estimate the gap between the Γ and L points to be 74±15 meV.
Thus in stark contrast to standard DFT calculations which pre-
dict a semimetallic state with a large band overlap (SM [24]),
the normal state of TiSe2 is a semiconductor with a narrow in-
direct band gap of 74±15 meV. Crucially, however, this small
magnitude of the band gap allows the valence band states to
participate in the CDW-like physics by hybridising with the
conduction states.
The mismatched dimensionality of the conduction and va-
lence bands, however, has a major influence on shaping the
electronic structure in the ordered state of TiSe2. In Fig. 2(a)
we show the normal state conduction and valence band disper-
sions along kz . These are based on the data in Fig. 1, except
for the kz dispersion of the conduction band, for which we
use a bandwidth of ∼200 meV from DFT calculations. In
the CDW phase, the valence and conduction bands hybridise
according to an interaction ∆CDW (k). While this depends
on the microscopics of the interaction terms, a reasonable as-
sumption for ∆CDW (k) is a broadly-peaked function cen-
tered around qCDW = (pi, 0, pi) = L, where phonon modes
are known to soften at the CDW transition of TiSe2 [18, 31].
Anticipating the hybridisations allowed by this interaction
term, we plot the bands in Fig. 2(a) offset by qCDW . In
this way, the valence band maximum at Γ and the conduc-
tion band minimum at L coincide. They can therefore be ex-
pected to be strongly hybridised at the CDW transition: as il-
lustrated in Fig. 2(b), the valence bands from Γ and the branch
of the conduction band labelled d2 are significantly repelled
from the Fermi level, opening up an energy gap on a scale
of ∼ 2∆CDW . The unoccupied d2 states are not detectable
by ARPES, but are consistent with inter-band transitions ob-
served by resonant inelastic x-ray scattering [32]. If these
were the only states in the system, this energy scale would
also correspond to the low temperature band gap. There are,
however, other states to consider.
First, the upper valence band at the A point cannot hybridise
significantly with the conduction band states, since the pro-
nounced kz dispersion of the latter renders it at inaccessibly
high energies at M (Fig. 2(a,b)). Therefore the dispersion of
the valence bands derived from the A point of the high temper-
ature phase will remain largely unchanged through the CDW
transition, except for an overall shift of the chemical potential
[24]. The band hybridisation is thus strongly kz-dependent.
Moreover, the different orbital components of the con-
duction band couple inequivalently to the CDW order. The
2 × 2 × 2 lattice distortion in TiSe2 is a 3Q ordering, corre-
sponding to a superposition of the atomic displacements asso-
ciated with three softened L-point phonon modes [7]. Thus,
electron pockets from three L points are backfolded to the
Γ∗ point of the reconstructed Brillouin zone (Fig. 3(c)), al-
lowing hybridisation with the valence bands. To clarify the
form of these hybridisations, we consider a simplified tight-
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FIG. 2. a) Schematic kz-dispersions in the normal state. The con-
duction bands are plotted with a displacement of qCDW . The 4pz
valence band is not included. b) Schematic kz-dispersions in the 3Q
CDW phase, showing kz-selective band hybridisation. We do not in-
clude the backfolded bands. c) Tight-binding calculations of mono-
layer TiSe2 showing orbital-selective band hybridisation in the CDW
phase. Dashed gray lines represent band dispersions at infinitesimal
distortion. Color and weight of lines project the difference between
the Ti 3dz2 character and other 3d components; see SM for further
plots and details. d) Experimental kz-dispersion along M-L-M in the
CDW phase. The intensity is dominated by bright backfolded va-
lence bands, which display characteristic dips around L points. Con-
duction pockets are also observed, centered at L points.
binding analysis for a monolayer of TiSe2 without spin-orbit
coupling [19], explained in depth in the SM [24]. We im-
plement a 2 × 2 CDW by considering only the Ti displace-
ments, and rescaling the Ti-Se d − p hoppings according to
the modified bond lengths in the ordered phase. The result-
ing band dispersions (Fig. 2(c)) show a structure similar to
ab-initio calculations [7, 33], where the three backfolded con-
duction bands split into a doublet (d2) and singlet (d1) branch
at Γ
∗
. The valence bands hybridise strongly only with the
d2 branch, while the d1 branch remains unhybridised and is
not pushed away from the Fermi level. Orbital-projections re-
veal that this dichotomy is due to an orbital-selectivity of the
hybridisation, with the unhybridised d1 branch corresponding
exactly to the dz2 orbital projection of the conduction bands,
as defined in the crystalographic reference frame. Since the
atomic displacements are in-plane only [6], the extra hybridi-
sation terms associated with the CDW distortion cancel at Γ
∗
for the dz2 orbital. A similar orbital selectivity should occur
for bulk TiSe2: as well as the kz selectivity of the d2-branch
hybridisation introduced above, an additional unhybridised d1
branch will remain, shown schematically in Fig. 2(b).
To verify the above considerations, we search for two in-
dicative spectroscopic signatures. The first is that the upper
valence band at low temperatures should show characteris-
tic dips along kz , which can be approximately considered
as the inverse profile of the interaction ∆CDW (kz). Such
dips are evident in measurements of the kz dispersion of the
bright backfolded valence bands along M-L-M in the low-
temperature phase (T = 10 K, Fig. 2(d)), very similar to
the schematic in Fig. 2(b). The uppermost valence band dips
by ∆CDW ≈ 100 meV around L points, where primarily the
strongly hybridised valence bands derived from Γ are being
observed, but recovers at M points where the more weakly hy-
bridised valence bands derived from the A point are observed,
confirming kz-selective hybridisation.
Second, we consider the relative spectral weight of bands
that are backfolded by the periodic lattice distortion. As evi-
dent in Fig. 3(a), low-temperature measurements show promi-
nent backfolding of valence bands at the L point. This is
a famous feature of ARPES spectra in the CDW phase of
TiSe2 [5, 8, 10, 17, 26, 30, 34, 35], where the backfolded in-
tensity is comparable with the original valence bands at the
Γ point, indicating a strong involvement of these states in the
CDW. In contrast, the conduction band appears brightly at the
L point, but backfolded copies of this band are not clearly
apparent in the spectra measured at Γ, consistent with previ-
ous reports [8, 36]. In fact, careful measurements at the Γ
point (see Fig. SM1 in SM) do reveal a replica of the con-
duction band, but with extremely weak spectral weight, show-
ing a striking asymmetry with the remarkably bright inten-
sity of the backfolded valence bands. This is entirely consis-
tent with the assignment of the occupied electron band in the
low-temperature phase as the branch with dz2 orbital charac-
ter which remains unhybridised, since it hardly couples to the
new periodicity and is thus only very weakly backfolded.
The above measurements and analysis thus demonstrate
that the low-energy physics in the ordered state of TiSe2 is ac-
tually dominated by states which do not couple strongly to the
CDW. TiSe2 crystals typically exhibit a slight unintentional
n-doping [6, 17, 37, 38]. Despite the large band shifts associ-
ated with the CDW, TiSe2 therefore retains a well-defined un-
gapped Fermi surface at low temperature (Fig. 3(b)), derived
from the unhybridised d1 branch. Despite the weak coupling
of the states which form this Fermi surface to the periodic
lattice distortion, they must still respect the symmetry of the
low-temperature phase, where Γ, M, A and L points all be-
come formally equivalent to Γ∗ of the 2 × 2 × 2 Brillouin
zone. The low temperature conduction band must adhere to 3¯
symmetry, explaining their almost circular in-plane dispersion
observed experimentally, in contrast to the twofold-symmetric
elliptical pockets in the high-temperature phase (Fig. 3(b,c)).
Moreover, the slanting of the Fermi pockets away from the kz
axis seen in the high-temperature phase (Fig. 1(c,d)) is for-
bidden at low temperatures (Fig. 3(d)). The conduction bands
also develop a steeper dispersion at low temperatures, consis-
tent with recent first-principles calculations [33].
There are five low-energy valence bands centered at each
Γ∗ point: three derived from the high-temperature Γ point
(one of which is the pz state) and two derived from the A point
[7]. These cannot all be observed simultaneously in one ge-
ometry, since the spectral weight as seen by ARPES typically
follows the projection of the states onto the high-temperature
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FIG. 3. a) Valence band dispersion along A-L at 10 K (hν = 121 eV, p-polarisation). b) Fermi surface map, showing near-circular pockets at
the L points. c) In-plane construction of the 3Q ordered phase; backfolded bands are dashed, the reconstructed low-temperature Fermi surface
is shown inset. d) Low-temperature kz map, equivalent to Fig. 1(d), now showing backfolded valence bands, and the Fermi surface in the inset
(top-right). e,f) High symmetry dispersions along Γ-M (31 eV, 100 eV) and A-L (44 eV, 121 eV, all s-polarisation) respectively. g) Schematic
band structure at Γ∗ of the 2× 2× 2 Brillouin zone, with an estimated band gap of ∼15 meV.
zone [5]. However, by combining the dispersions observed
at different photon energies in Fig. 3(e,f), we can identify all
five, represented schematically in Fig. 3(g). The upper valence
band derived from the Γ point is flattened and hybridises so
strongly that in fact it is more clearly observed backfolded at
the L point in Fig. 3(f). In contrast, due to the kz-selective hy-
bridisation, the A-point dispersion in Fig. 3(f) is very similar
to the equivalent measurement at high temperature (Fig. 1(e))
except that the bands are sharper and there is an overall shift
of the chemical potential.
Our measurements in (Fig. 3(e-g)), allow us to estimate a
low-temperature band gap of only ∼15 meV - much smaller
than the 74 meV band gap at high temperatures [39]. This
is surprising, since second-order electronic phase transitions
typically involve opening up or increasing energy gaps, but the
ideas of kz- and orbital-selective hybridisations give insight.
The strongly-hybridised states, originating from the Γ and L
points, are shifted away from EF by ±∆CDW ∼ 100 meV,
a large energy scale consistent with the high Tc ≈ 200 K.
However, other states remain at low energies, and the band
gap in the CDW phase is set by two such passenger states: the
A-derived valence band and the unhybridised Ti-dz2 conduc-
tion band branch. The decreased energy gap between these
two passenger states at low temperatures compared with the
normal state is a little enigmatic, although we speculate that a
modified out-of-plane hopping of the dz2 passenger-state con-
duction band may play a role, amongst other possible effects
[24]. In any case, the key concept is that the overall band gap
in the CDW phase is essentially decoupled from the strength
of ordering.
The observation of a smaller band gap in the ordered phase
is not easy to reconcile with a purely excitonic mechanism
for the phase transition. Moreover, we have observed an un-
gapped Fermi surface and a near-continuum of single particle
excitations across the energy scale of ±∆CDW ; the existence
of these low-energy passenger states would presumably pro-
mote the decay of excitons. Nevertheless, the relatively low
free carrier density from these passenger states may be insuf-
ficient to completely screen the Coulomb interaction between
electrons and holes [20], allowing for excitonic correlations to
still play an assistive role in the CDW ordering [19–22, 40].
Irrespective of the precise microscopic origin of the instabil-
ity, its underlying driving force is an electronic energy gain
from band hybridisation. Our measurements highlight how
momentum and orbital selectivity can act to decouple such
energy gain from the low-energy physics of the ordered state.
This is of crucial importance for understanding not only the
enigmatic CDW state in TiSe2, but also charge ordering insta-
bilities in multi-orbital systems in general.
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